High plasma urea nitrogen concentration has been proposed as an important factor contributing to the decline in reproductive parameters of domestic animals. The aim of this study was to evaluate the effect of urea on the development of preimplantation embryos in a mouse model. During in vivo tests, acute renal failure (ARF) accompanied by hyper-uraemia was induced by intramuscular administration of glycerol (50%) into hind limbs of fertilised dams. During in vitro tests, embryos collected from healthy dams were cultured in a medium with the addition of various concentrations of urea from the 4-cell stage to the blastocyst stage. Stereomicroscopic evaluation and fluorescence staining of embryos obtained from dams with ARF showed that high blood urea is connected with an increase in the number blastocysts containing at least one apoptotic cell and in the incidences of dead cells per blastocyst, but it did not affect their ability to reach the blastocyst stage. In vitro tests showed that culture of embryos with urea at concentration of 10 mM negatively affected the quality of obtained blastocysts. Blastocysts showed significantly lower numbers of cells and increased incidence of dead cells. An increase in apoptosis incidence was observed even in blastocysts obtained from cultures with 5 mM urea. Urea at concentrations 50 mM and higher negatively affected the ability of embryos to reach the blastocyst stage and the highest used concentrations (from 500 mM) caused overall developmental arrest of embryos at the 4-or 5-cell stage. These results show that elevated levels of urea may cause changes in the microenvironment of developing preimplantation embryos, which can negatively affect their quality. Embryo growth remains un-affected up to very high concentrations of urea.
Diets high in crude protein are typically fed during early lactation. By adding protein-rich substances to the rations, farmers have increased milk yields of cattle (2, 16) . Although these extra proteins stimulate milk production, their consumption usually results in high plasma urea nitrogen concentrations, proposed by several authors as a factor contributing to the decline in reproductive parameters observed over the last 30 years (3, 14, 28) .
High urea and ammonia concentrations in the blood cause changes in intrafollicular, oviductal, and uterine environments (15, 21) . Jordan and Swanson (15) for instance reported that excess dietary protein significantly altered the ionic composition of uterine fluid during the luteal phase in cattle. Hammon et al. (12) , Leroy et al. (20) , and McEvoy et al. (22) also found a high correlation for urea between blood serum and reproductive tract fluid levels in cows, mares, and ewes soon after feeding.
However, reports about the effect of urea on reproduction are contradictory. Some studies performed in vivo have demonstrated that dairy cattle fed high protein diets have lower conception rates in association with elevated plasma urea nitrogen concentrations (5, 12, 28) . Santos et al. (30) and McEvoy et al. (23) confirmed that oocytes collected from heifers and ewes with increased levels of plasma urea nitrogen show a significantly reduced ability to develop to the blastocyst stage when standard routines for in vitro maturation, fertilisation, and culture were followed. In contrast, no negative effects on embryo quality and viability were observed when dry cows were superstimulated and received diets with concentrations of protein and rumen degradable protein much higher than recommended for high-producing lactating dairy cows (10) . Furthermore, Mikolla et al. (24) suggested that long-term feeding of excess protein (72 d) to energy-adequate heifers does not affect the number of embryos recovered, and that this diet may be even advantageous for the quality of embryos.
Nevertheless, the majority of authors agree that elevated urea levels have an adverse effect on reproduction and act predominantly at the level of the oocyte (8, 27, 28). However, there are no data describing the effect of urea on embryos originating from unaffected oocytes.
The objective of this study was to examine the effect of elevated levels of urea in maternal blood and in artificially changed microenvironment of the reproductive tract on developmental capacities and quality of preimplantation embryos originating from unaffected oocytes. It is known that early embryos are highly sensitive to the composition of the environment in which they develop, and disorders of maternal homeostasis can cause embryo loss and thus reduce pregnancy rates in humans and domestic animals (9, 26) .
Our experiments were performed using a mouse model, and effects of urea were tested under both in vivo and in vitro conditions. During in vivo tests, acute renal failure (ARF) was induced in fertilised adult mice. In each experimental animal, the ARF was proved by the significant elevation of glucose and proteins in urine and the observation of massive degenerative processes in the renal cortex. Glycerol-induced ARF is an experimental model regularly accompanied with elevated levels of urea in blood (31). Hsu et al. (13) showed that blood urea nitrogen (BUN) arises continuously: They observed in rats that 3 h after glycerol injection, BUN was increased more than twice, 12 h after glycerol injection more than four-times, and 24 h after glycerol injection nearly seven times the normal value at this time (13) . As shown by Zager et al. (31) , in mice model, blood urea nitrogen correlates with mouse age and weight, and its level in animals with similar age as in our experiments (3-4 weeks) reaches around 85 mg/dl (approx. 14 mM) at approximately 18 to 20 h post induction of ARF (31) . In our in vivo model, embryos at cleavage stages were exposed to continuously increased BUN for almost 24 h. During in vitro tests, embryos were cultured in culture medium with or without the addition of urea at wide range of concentrations.
Material and Methods
In vivo tests. Adult female mice (ICR strain, Velaz, Czech Republic), 4-5 weeks of age, underwent synchronisation treatment with pregnant mare's serum gonadotropin (eCG 4 UI i.p.; Folligon, Intervet International, Holland), followed by administration of human chorionic gonadotropin (hCG 6 UI i.p.; Pregnyl, Organon, Holland) 47 h later. Females were mated with males of the same strain overnight. Mating was confirmed by identification of a vaginal plug. Unfertilised mice were excluded from the experiments. Fertilised mice in each experimental group underwent glycerol-induced ARF (50% v/v solution; 9 mL/kg, administered in a divided intramuscular dose in each hind limb) 24 h before isolation of embryos -i.e. during the cleavage stage of their development (31) . Control mice did not undergo any treatment. Females were killed by cervical dislocation. Embryos were recovered by flushing the oviduct and uterus using a flushing-holding medium FHM (19) 92 h after hCG treatment -during the late morula/early blastocyst stage of embryonic development. This period, preceding the start of implantation, was chosen to avoid embryo loss. In all mice, ARF was confirmed by biochemical examination of urine and by macroscopic pathological lesions in the kidneys.
All animal experiments were reviewed and approved by the Ethical Committee for animal experimentation of the Institute of Animal Physiology, approved by the State Veterinary and Food Administration of the Slovak Republic, and were performed in accordance with Slovak legislation based on Directive 86/609/EEC on the protection of animals used for experimental and other scientific purposes.
In vitro tests. Embryos at the 4-cell stage were recovered from the oviduct of healthy untreated female mice at 54 th h after hCG treatment by the same procedure as described above. Collected embryos were pooled, washed, and cultured in medium without (control group) or with the addition of urea (experimental groups). Culture of embryos from the 4-cell stage to the blastocyst stage (for 68 h) was performed in drops of KSOM (synthetic oviductal medium with raised potassium concentration (19) ; Specialty Media Group, USA) at approx. 1 embryo/1µL in a humidified atmosphere with 5% CO 2 at 37 ºC. The following concentrations of urea were used: 5 mM (0.0003 g urea/mL KSOM), 10 mM (0.0006 g urea/mL KSOM), 50 mM (0.003 g urea/mL KSOM), 100 mM (0.006 g urea/mL KSOM), 500 mM (0.03 g urea/mL KSOM), and 1,000 mM (0.06 g urea/mL KSOM).
Evaluation of embryo development. The developmental stages of collected or cultured embryos were evaluated using stereomicroscopic observation (Olympus SZ51, Japan). According to their morphology, embryos were classified as: blastocysts (containing blastocyst cavity), morulas, and arrested embryos (slowly developing embryos with 2 to 16 cells and embryos arrested at the zygote stage).
Evaluation of embryo quality. The quality of embryos was assessed using morphological fluorescence staining (7) . Embryos were first stained with propidium iodide (PI, 10 lg/mL; Sigma-Aldrich), which stains dead cells only, washed in phosphate-buffered saline (PBS) containing bovine serum albumin (BSA, SigmaAldrich), fixed in 4% w/v paraformaldehyde (Merck, Germany) in PBS at room temperature for 1 h, and optionally stored in 1% w/v paraformaldehyde in PBS at 4 ºC. Fixed blastocysts were washed, permeabilised for 1 h in PBS with 0.5% v/v Triton X-100 (SigmaAldrich), and again washed in PBS. Then they were incubated in 10 µl of terminal deoxynucleotidyl transferase and 90 µl of fluorescein-conjugated dUTP (TUNEL, In Situ Cell Death Detection Kit; Roche, Germany) for 1 h at 37 ºC in the dark. After TUNEL reaction, all embryos were counterstained with Hoechst 33342 (20 µg/mL; Sigma-Aldrich; stains all nuclei showing nuclear morphology) for 5 min at 37 ºC, washed, mounted on slides, and observed under fluorescence microscope (BX50 Olympus, Japan) at 400x magnification.
The average number of nuclei per blastocyst was determined as the main indicator of embryo growth. According to their nuclear morphology (M), the presence of specific DNA fragmentation (T) and PI positivity/negativity (PI±), cells were classified as: normal (M-T-P-; oval nuclei, without morphological changes, without TUNEL labelling and able to exclude PI), apoptotic (M + T ± P±; nuclei with typical fragmented or condensed morphology, usually containing degraded DNA, PI negative at early stages, PI positive at terminal stages of apoptotic process), and necrotic (M-T ± P+; PI positive nuclei, mostly without specific morphological changes and usually without TUNEL labelling). Occasionally observed mitotic configurations (P-) were also classified as normal nuclei, and small pyknotic clusters of chromatin extruded to the embryo surface (P±) were classified as polar bodies. The percentages of normal, apoptotic, and necrotic cells were calculated as the numbers of normal, apoptotic, and necrotic nuclei relative to the total number of evaluated nuclei.
Statistical analysis. Statistical analysis was performed using Statistica (StatSoft). Standard χ-square tests were used to detect differences in developmental profiles of obtained embryos (in the proportion of early blastocysts, morulas, and arrested embryos), in the portion of blastocysts with at least one apoptotic cell, in cell death incidence, and in the profiles of dead cells. For the detection of differences in average cell number, the standard Student's t-test was used for in vivo tests and analysis of variance (ANOVA) followed by Tukey's test was used in in vitro test. The results are expressed as mean values ±SD. Values P<0.05 were considered as significant.
Results
In vivo tests. Stereomicroscopic evaluation of freshly collected embryos showed that high blood urea in dams with acute renal failure did not affect their basic developmental abilities, i.e. there were no significant differences in the proportion of early blastocysts, morulas, and arrested embryos between embryonic pools obtained from untreated and treated dams (Fig. 1) . Further fluorescence analysis of blastocysts obtained from ARF dams showed significant increase in the incidence of dead cells per blastocyst (Table 1, P<0.001) and in the number of blastocysts containing at least one dead cell (45.89% vs. 64.91%, P<0.001) when compared to blastocysts obtained from controls. The majority of such dead cells were of apoptotic origin, i.e. showed features, which classified them as apoptotic. On the other hand, the average number of cells per blastocyst was not affected in them (Table 1) .
In vitro tests. Embryos cultured from the 4-cell stage to the blastocyst stage in the presence of urea at various concentrations usually showed retarded development and poor quality (Fig. 2, Table 2 ). Even the addition of urea to culture media at the lowest concentration (5 mM) significantly increased the incidence of dead cells in in vitro derived blastocysts (P<0.001 when compared to control blastocysts; Table  2 ). On the other hand, concentrations from 5 mM to 50 mM did not affect the general ability of embryos to reach the blastocyst stage (Fig. 2) . Culture of embryos with urea at 10 mM and higher significantly decreased the average number of cells per blastocyst (P<0.001; Table 2 ) and increased the number blastocysts containing at least one apoptotic cell (82.98% in control vs. 93.18% in 5 mM; 95.65% in 10 mM; 97.44% in 50mM, and in 97.30% 100 mM groups, P<0.05). Finally, the presence of urea in culture medium at concentrations 500 mM and 1,000 mM caused overall developmental arrest of embryos at the 4-and 5-cell stages (P<0.001; Fig. 2 ). 0.62 0.84 Blastocysts were evaluated using fluorescence microscopy, and particular parameters were analysed using χ-square and t-test; *** P<0.001. Blastocysts were evaluated using fluorescence microscope, and particular parameters were analysed using ANOVA/Tukey's test and χ-square test; *** P<0.001. were evaluated using stereomicroscope, and differences in the distribution of embryonic stages were analysed using χ-square test ( NS P>0.05). 
Discussion
Our experiments showed that mouse embryos developing in dams with ARF presented significantly increased incidence of apoptotic cell death in blastocysts when compared to controls. On the other hand, their developmental capacities (ability to reach blastocyst stage) were not affected. Similarly, Rhoads et al. (28) reported that the number, stage of development, and morphology of recovered embryos were similar for cows with moderate or high plasma urea nitrogen. In these embryos, the negative effect was visible only after embryo transfer. Naturally, the observed adverse effect on embryo quality might be secondary, caused by general disorders of maternal internal homeostasis. However, our in vitro tests proved the ability of urea to directly affect the embryonic cells of mouse preimplantation embryos. The addition of urea at low (i.e. physiologically accessible) concentrations (up to 50 mM) to the culture media negatively affected embryo quality, as shown by a significant decrease in the average number of cells and a significant increase in the incidence of dead cells in blastocysts (even at 5 mM). Anyway, this effect was not fatal and the abilities of such treated embryos to reach blastocyst stage were preserved. Delayed or arrested development of cultured embryos was observed only after treatment with urea at very high concentrations (500 mM).
Obviously, in high urea experimental groups, the negative effect on preimplantation embryos was reinforced by hyperosmosis. Higher osmolarity in the environment can cause failure of embryo development (1) . Although osmolytes (aminoacids) present in the used in vitro culture medium (KSOM, osmolarity 250 mOsm) can provide some form of hyperosmoticprotection (18) , at very high urea concentrations (500 and 1,000 mM) this protection was probably not sufficient.
Regardless the mechanism of action, the results of in vitro experiments show that the sensitivity of the preimplantation embryo to the presence of urea is probably slightly lower than the sensitivity of the oocyte.
Direct adverse effect of urea during bovine oocyte maturation was documented by De Wit et al. (6) and Ocon and Hansen (25) . De Wit et al. (6) reported retarded nuclear maturation and reduced fertilisation and cleavage rates in oocytes that matured in the presence of 6 mM urea. According to these authors, urea can impair metaphase II probably by inhibiting polymerisation of tubulin into microtubules. Ocon and Hansen (25) reported that maturation of bovine oocytes in the presence of increasing concentrations of urea in vitro did not affect subsequent cleavage of zygotes but had a negative effect on the proportion of blastocysts (the proportion of oocytes developing to the blastocyst stage after insemination was reduced by 7.5 mM urea and the proportion of cleaved embryos becoming blastocysts was decreased by 5 and 7.5 mM urea). These authors also documented that incubation of bovine zygotes (from IVF oocytes) with the same concentrations of urea had no effect on embryo development. After insemination, urea did not reduce the proportion of oocytes and embryos developing to the blastocyst stage, only 10 mM urea slightly reduced cleavage rate. The reasons for lowered developmental capabilities of oocytes exposed to urea at low concentration are unknown. It has been suggested that they might be connected with the inhibition of growth and metabolism of oocyte-supporting granulosa cells (29) .
Potential toxicity of the direct by-products of protein catabolism, i.e. urea and ammonia, on the oocyte and embryo has been discussed previously (11, 17) . However, their adverse effect on reproduction probably originates predominantly from the changes in the oocyte/embryo microenvironment. It has been shown that altered secretion of endometrial cells exposed to high concentrations of urea and ammonia may also reduce uterine pH and consequently affect embryo development (25) and fertility (3). Another negative effect of urea on embryos may be caused through PGF2α. It has been shown that endometrial cell cultures incubated with urea, compared to controls, secreted significantly higher amounts of PGF2α (3). According to other authors, the negative effect of urea can be caused by the induction of oxidative stress (32) , or by an inverse relationship between systemic urea and progesterone levels (4) . Following these outcomes we suppose, that the main negative effect of high levels of urea can be predominantly caused by a cooperation of several processes.
In conclusion, the results of our experiments show that the presence of elevated levels of maternal blood urea may affect physiological status in the reproductive tract during the preimplantation period and consequently increase the incidence of cell death in blastocysts, thus decreasing their quality. Our in vitro tests proved that preimplantation embryos are sensitive to urea even at relative low concentrations, which can lead to an increase in the incidence of cell death and a decrease in the average number of cells. However, the general developmental capacities of preimplantation embryos (in contrast to oocytes) can be obviously affected only when urea is present at high -usually physiologically inaccessible -concentrations.
